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Statement of Benefit to Kentucky
This report is about small, naturally occurring earthquakes in the Rome Trough of eastern 
Kentucky, where several test wells have been drilled into a potential oil and gas reservoir 
known as the Rogersville Shale. The research described in this report may help to deter-
mine if future earthquakes are caused by fluid injection and hydraulic fracturing related 
to oil and gas production, which could lead to public-safety concerns or restrictions on 
production.
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Note on Revisions (10/9/2019)
Table 1 in the original version of this report contained er-
roneous cumulative injection volumes for Class II wastewater 
disposal wells in eastern Kentucky. Those incorrect volumes 
were also plotted in Figure 5. This revision contains corrected 
values in Table 1 and a corresponding update to Figure 5.
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Abstract
In the central and eastern United States, felt earthquakes likely triggered by fluid 
injection from oil and gas production or wastewater disposal have dramatically increased 
in frequency since the onset of the unconventional shale gas and oil boom. In the Rome 
Trough of eastern Kentucky, fracture stimulations and wastewater injection are ongo-
ing and occur near areas of historical seismic activity. Unlike in surrounding and nearby 
states (Ohio, West Virginia, and Arkansas), in Kentucky, no seismic events related to sub-
surface fluid injections have been reported as felt or detected by regional seismic net-
works, including the Kentucky Seismic and Strong-Motion Network.
Oil and gas development of the deep Cambrian Rogersville Shale in the Rome Trough 
is in a very early stage, and will require horizontal drilling and high-volume hydraulic 
fracturing. To characterize natural seismicity rates and the conditions that might lead to 
induced or triggered events, the Kentucky Geological Survey is conducting a collabora-
tive study, the Eastern Kentucky Microseismic Monitoring Project, prior to large-scale 
oil and gas production and wastewater injection. A temporary network of broadband 
seismographs was deployed near dense clusters of Class II wastewater-injection wells 
and near the locations of new, deep oil and gas test wells in eastern Kentucky. Network 
installation began in mid-2015 and by November 2015, 12 stations were operating, with 
data acquired in real time and jointly with regional network data. Additional stations 
were installed between June 2016 and October 2017 in targeted locations. The network 
improved the monitoring sensitivity near wastewater-injection wells and deep oil and gas 
test wells by approximately an entire unit of magnitude: With the temporary network, the 
detectable magnitudes range from 0.7 to 1.0, and without it, the detectable magnitudes 
range from 1.5 to 1.9.
Using the real-time recordings of this network in tandem with the recordings of other 
temporary and permanent regional seismic stations, we generated a catalog of local seis-
micity and developed a calibrated magnitude scale. At the time this report was prepared, 
151 earthquakes had been detected and located, 38 of which were in the project area, de-
fined as the region bounded by 37.1°N to 38.7°N latitude and 84.5°W to 82.0°W longitude. 
Only six earthquakes occurred in the Rome Trough of eastern Kentucky, none of which 
were reported in regional monitoring agency catalogs, and none of which appear to be 
associated with the deep Rogersville Shale test wells that were completed during the time 
the network was in operation or with wastewater-injection wells.
2 Introduction
Introduction
Earthquakes can result from natural causes, 
including the sudden release of tectonic strain 
through earthquake cycles and from volcanic ac-
tivity. They can also be caused by manmade activi-
ties such as the injection of fluids into deep bore-
holes. Most seismic events triggered or induced 
by human activity produce very low-level shak-
ing (Ellsworth, 2013); however, some instances of 
wastewater injection have reactivated faults and 
caused felt earthquakes, some of which were large 
enough to cause structural damage in local com-
munities (Taylor and others, 2017).
Since approximately 2009, the rate of felt 
earthquakes in the central United States has in-
creased dramatically (Fig. 1). This increased rate 
has a strong correlation in space and time with 
the increase in production of oil and gas, and re-
sultant subsurface disposal of produced water 
(Weingarten and others, 2015; Langenbruch and 
Zoback, 2016). The principal cause of these events 
has been assigned to the injection of wastewater 
into subsurface formations (Horton, 2012; Keranen 
and others, 2013; Hornbach and others, 2015); the 
largest earthquake likely induced by wastewater 
injection was the 2016 moment magnitude (Mw) 
5.8 Pawnee, Okla., earthquake (Yeck and others, 
2017). Hydraulic fracture stimulation of uncon-
ventional reservoirs, or fracking, has also induced 
felt earthquakes (Holland, 2013; Skoumal and oth-
Figure 1. Annual number of magnitude 3 and greater earthquakes in the central United States (from earthquake.usgs.gov/
research/induced/overview.php; last accessed 12/08/2017). The annual event count for years corresponding to the shale-gas 
boom beginning in 2009 are in red. Inset map shows earthquake epicenters during the same period; colors correspond to those 
in the bar graph.
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ers, 2015; Bao and Eaton, 2016); the largest event 
likely induced by fracking was the 2015 Mw 3.9 Fox 
Creek earthquake in Alberta, Canada. Most cases 
of induced, felt earthquakes were the result of fluid 
injection into formations that are in hydraulic com-
munication with the crystalline basement, which 
can lead to the rupture of preexisting, critically 
stressed basement faults (Zoback and others, 2002). 
The National Research Council (2013) presented an 
in-depth introduction to the issue of induced seis-
micity and the mechanisms involved.
In the Rome Trough of eastern Kentucky, the 
Rogersville Shale, a deep formation with total or-
ganic carbon content sufficient for hydrocarbon 
generation, has recently been tested in exploration 
wells (Harris, 2015). Because of its low permeabil-
ity, the Rogersville Shale must be produced us-
ing unconventional methodologies—in particular, 
high-volume and high-pressure fracking. And, 
because this deep formation is in close proximity 
to the faulted, crystalline basement in the Rome 
Trough, there is a potential for fracking-induced 
earthquakes when oil and gas are produced from 
this shale.
In addition, produced wastewater has been 
injected in the eastern Kentucky Rome Tough since 
1998 (Sparks and Curl, 2014). The injection forma-
tions in the Rome Trough are relatively shallow 
compared to the depth of the crystalline basement, 
and no injection-related events have been record-
ed by the regional seismic monitoring networks 
(Kentucky Geological Survey, 2014). If large-scale 
development of the Rogersville Shale occurs, and 
large volumes of brine are produced and injected, 
however, the risk of inducing earthquakes from 
wastewater disposal could increase.
Because the possibility of inducing earth-
quakes in the Rome Trough may increase if the 
Rogersville Shale becomes a productive hydrocar-
bon play, acquiring background microseismicity 
data in the area is important. In regions of concur-
rent subsurface fluid injection and seismic activ-
ity, unequivocally discriminating between natural 
and induced earthquakes requires the analysis of 
multiple data sets, including at minimum fluid-in-
jection volume histories of active wastewater-dis-
posal wells and an earthquake catalog. When the 
timing of earthquakes that occur near wastewater-
injection wells and fracture stimulations is strong-
ly correlated with the injection history, the prob-
ability of a causal relationship between the two 
increases. Also, cataloged seismicity-rate changes 
permit determining the probability that an increase 
in seismic activity is natural (Rubinstein and oth-
ers, 2014). Natural and induced microearthquakes 
(earthquakes of magnitude less than 2.5) occur ex-
ponentially more frequently than larger, felt earth-
quakes, and are therefore a more sensitive indica-
tor of variations in seismicity rate. Therefore, the 
background rates of microearthquakes are of par-
ticular importance for calculating the likelihood 
that earthquake activity is induced. Permanent, re-
gional seismic monitoring stations are sparse, how-
ever, and if induced earthquakes were to occur in 
the Rome Trough from subsurface fluid injection, 
the existing regional stations would not permit the 
determination of event hypocenters (latitude, lon-
gitude, and focal depth) with sufficient accuracy 
and precision to suggest association of earthquakes 
with subsurface injection activities.
Consequently, the Eastern Kentucky Micro-
seismic Monitoring Project was conceived soon 
after the first deep Rogersville Shale test well was 
completed in May 2014 in Lawrence County. The 
project features a network of sensitive seismic 
monitoring stations that were deployed in the 
Rome Trough to monitor the area around clusters 
of existing wastewater-injection wells and the most 
likely areas of oil and gas production from the Rog-
ersville Shale. A seismicity catalog has been devel-
oped from the first two years of operation of the 
entire network (June 2016 through June 2018), and 
natural, background seismicity has been character-
ized with unprecedented detail. As of the time of 
publication of this report, the network remains in 
operation.
Project Setting
This project focuses on the Rome Trough of 
eastern Kentucky in the vicinity of active waste-
water-injection wells and the area in which the 
Rogersville Shale is most likely to be tested and 
potentially developed. Because of the increased 
event-detection sensitivity that the microseismic 
monitoring network provides, the project area and 
its seismicity includes regions outside of the Rome 
Trough, approximately 50 km beyond the network 
4 Project Setting
stations, and is bounded by latitude 37.1°N to 
38.7°N and longitude 84.5°W to 82.0°W.
Geologic Setting
Tectonics and Regional Stress. The study area 
(Fig. 2) is in a stable continental region of the cen-
tral Appalachian foreland basin of North America. 
It is underlain by a series of continental grabens 
that are collectively part of a more extensive inte-
rior failed rift system associated with the breakup 
of the supercontinent Rodinia during the Early and 
Middle Cambrian (Gao and others, 2000; Hickman, 
2011). The Rome Trough, a northeast-trending 
graben system, is part of this larger failed Cam-
brian rift system extending from eastern Kentucky 
northeastward across West Virginia and Pennsyl-
vania into southern New York (Harris and others, 
2004; Hickman, 2011). As a result of the crustal ex-
tension of the interior rift system, a thick sequence 
of Cambrian sedimentary rocks is present in sev-
eral grabens below the Appalachian foreland basin 
in eastern North America (Hickman, 2011).
In eastern Kentucky, the Rome Trough is 
bounded on the west by the Lexington Fault Sys-
tem, on the north by the Kentucky River Fault Sys-
tem, and on the south by the Rockcastle River Fault 
System (White, 2001). Although the Rome Trough 
does not coincide with a known zone of seismicity, 
it is adjacent to more seismically active zones to the 
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north and to the south. The current maximum hori-
zontal regional stress is compressive and oriented 
predominantly southwest-northeast, at roughly 
N60°E (Zoback and Zoback, 1989; Heidbach and 
others, 2008).
Major horizontal extension within the Rome 
Trough occurred from the end of the Precambrian 
through the Middle Cambrian, and is associated 
with the active rifting during the breakup of the 
supercontinent Rodinia. Volcanism within the 
Blue Ridge Rift between Laurentia and Amazonia 
evolved into the Mid-Iapetan Ridge to the south-
east of the Rome Trough, and the southeastern rift-
ed edge of Laurentia had developed into a passive 
margin by the Early Cambrian (Sloss, 1988).
Stratigraphy. In the Early to Middle Cambrian, 
sea level rose and flooded the graben, leading to 
the deposition of thick, arkosic synrift siliciclastic 
successions known as the Rome Formation. By the 
Middle Cambrian, the sea level had risen and the 
entire region was covered in a shallow sea. The 
Conasauga Group, consisting of deeper-water, 
low-energy siltstones and shales alternating with 
episodic carbonate deposits indicative of a slowly 
subsiding basin margin, was deposited during the 
Middle to Late Cambrian (Hickman, 2011). The 
Rogersville Shale is one of six formations recog-
nized within the Conasauga Group and the only 
one that shows evidence of greater than 1 percent 
total organic carbon content (Hickman and oth-
ers, 2015), generally regarded as the minimum re-
quired for commercial-grade hydrocarbon source 
rocks. The tectonic subsidence of the Rome Trough 
ended during the Late Cambrian, by which time 
sedimentation had filled the graben to the point 
that no topographic relief remained across the 
structure (Harris and others, 2004; Hickman, 2011).
From the Late Cambrian to the Early Ordo-
vician, a regional carbonate platform known as 
the Great American Bank developed, replacing 
the clastic/episodic carbonate deposition seen in 
the Conasauga Group. This thick carbonate inter-
val, the Knox Group, composed predominantly of 
carbonate (dolomitic) rocks with minor amounts 
of limestone and mature, quartz-rich sandstone, 
overlies the synrift strata of the entire graben sys-
tem, as well as most of the Midcontinent region. 
In the Rome Trough, this group is between 1,500 
and 3,400 ft thick. A short and intense regression 
followed this deposition, leading to subaerial ex-
posure and erosion of Lower Ordovician dolomites 
and limestones, which produced the widespread 
post-Knox Unconformity (Sloss, 1988; Hickman, 
2011).
In the Rome Trough study area, 1,300 to 
14,000 ft of Middle Ordovician through Upper 
Pennsylvanian sediments overlie the Knox Uncon-
formity, and thicken southeastward into the Appa-
lachian Basin (Fig. 3).
Wastewater-Injection Wells
Class II wastewater-injection wells have oper-
ated in the Rome Trough of eastern Kentucky since 
at least 1998 (Fig. 4). Table 1 shows the monthly 
(annual divided by 12), annual, and total cumula-
tive wastewater-injection volumes and the maxi-
mum observed wellhead pressures for the wells 
operating within the project area, based on records 
acquired from the U.S. Environmental Protection 
Agency; the cumulative volumes are plotted in Fig-
ure 5. There are several inconsistencies in the EPA 
records (Sparks, 2016). The volumes and pressures 
shown in Table 1 are the corrected values: apparent 
duplicate entries were deleted, two different sets 
of data for the same well were added together and 
the injection volume over the entire year was aver-
aged, the highest wellhead pressure in the original 
data was used as the maximum wellhead pressure, 
and all injection volumes were converted to units 
of barrels.
Recent Unconventional Oil and Gas 
Exploration of the Rogersville Shale
In 2002, the U.S. Geological Survey and the 
Kentucky Geological Survey collaborated in a re-
search project (the Rome Trough Consortium) 
and found that whole core from the Exxon No. 1 
Smith well in Wayne County, W.Va., contained up 
to 4 weight-percent of organic carbon, indicating 
that the Rogersville Shale of the Cambrian Cona-
sauga Group was a potential source rock for hy-
drocarbons. Unfortunately, at that time production 
from unconventional oil and gas exploration was 
limited, and so the resource potential from shale 
production was not considered in that study. In 
the following 11 years, however, the United States 
witnessed the “Shale Revolution,” resulting in the 
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within 30 km of the section. The Rogersville Shale, the target horizon for deep fracking, is outlined in green.
proliferation of advanced horizontal drilling and 
multistage hydraulic-fracturing techniques.
In the fall of 2013, Bruin Exploration (a wholly 
owned subsidiary of the Cimarex Corp. in Den-
ver) permitted and drilled the No. 1 Sylvia Young 
well in Lawrence County, Ky., specifically to test 
the exploration potential of the Rogersville Shale. 
Since the completion of the Young well, five more 
wells targeting the Rogersville have been drilled 
in the Rome Trough of Kentucky and West Vir-
ginia (Fig. 2): the Bruin Exploration No. 1H Wal-
bridge horizontal well, Chesapeake Appalachia’s 
No. LAW-1 Stephens and No. LAW-1 Northup (the 
deepest in Kentucky) wells, the Horizontal Tech-
nology No. 572361 EQT Production well, and the 
Cabot Oil & Gas No. 50 Amherst Industries well in 
Putnam County, W.Va., which is currently shut-in 
after producing 340 million cubic feet of gas from 
the Rogersville through December 2017.
Regional Seismic Monitoring  
and Historical Seismicity
Prior to 1980, seismic monitoring in the vicin-
ity of the project area was sparse and intermittent, 
which resulted in variable minimum magnitudes 
(Mmin) of detectable earthquakes in the region. 
Soon after the 1980 Mw 5.0 Sharpsburg earthquake, 
the first long-term, continuous seismic monitoring 
stations within 100 km of the Rome Trough of east-
ern Kentucky were installed by the University of 
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Kentucky (Table 2), and by 1985, UK was operating 
three stations in the region. The Mmin maps in Fig-
ure 6 show estimated detection thresholds in the 
project area (calculated according to the procedure 
discussed in the Detection Threshold Modeling 
section) prior to deployment of the microseismic 
network. The estimated detection threshold ranged 
from Mw 1.5 in the southwestern Rome Trough to 
Mw 1.9 in the northeastern Rome Trough for long-
term, regional seismic stations (not all stations are 
shown on the maps). With the addition of tempo-
rary EarthScope (Central and Eastern United States 
Network) stations, which were operational at the 
time of the microseismic monitoring project, the 
detection thresholds ranged from Mw 1.5 to 1.7 in 
the same area.
The U.S. Geological Survey’s Advanced 
National Seismic System Comprehensive Earth-
quake Catalog (earthquake.usgs.gov/earthquakes/
search; last searched 12/08/2017) (Fig. 4) includes 
events located with stations listed in Table 2 as well 
as stations that are either no longer operating or 
are more distant, long-term, regional stations. Oc-
casionally, the recordings from other nearby sta-
tions temporarily deployed for special projects 
were used to locate events in the catalog. Thus, the 
ANSS Comprehensive Catalog is not a uniform cat-
alog of events (in other words, a catalog of events 
observed with uniform monitoring sensitivity) in 
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Figure 5. Cumulative injection volumes (in barrels) from UIC Class II wastewater-injection wells operating in the project area 
(Fig. 4). X-axis labels are EPA identification numbers. Plot labels are the range of years over which the cumulative volumes were 
calculated.
Table 2. Long-term, continuous seismic monitoring stations within 100 km of the Rome Trough of eastern Kentucky. Year 
On = year of installation or the year when data acquisition at KGS began, whichever is later. ET = Southern Appalachian Seis-
mic Network, Center for Earthquake Research and Information, University of Memphis (www.fdsn.org/networks/detail/ET; last 
accessed 12/14/2018). KY = Kentucky Seismic and Strong-Motion Network (doi:10.7914/SN/KY; last accessed 12/14/2018). 
OH = Ohio Seismic Network (doi:10.7914/SN/OH; last accessed 12/14/2018). US = United States National Seismic Network 
(doi:10.7914/SN/US; last accessed 12/14/2018). CT = coincidence triggering. BINDER = grid-based phase-arrival detection 
associator (Earthworm’s BINDER module). None = not for event triggering.
Station Network County, State Latitude Longitude Year On Triggering Algorithm
BHKY KY Fayette, Ky. 38.0344 –84.5032 1982 CT
FLKY KY Fleming, Ky. 38.4261 –83.7506 1989 CT, BINDER
HZKY KY Perry, Ky. 37.2511 –83.2067 2012 CT, BINDER
PKKY KY Carter, Ky. 38.3830 –83.0341 1985 CT, BINDER
ROKY KY Powell, Ky. 37.9091 –83.9257 1985 CT, BINDER
ASTN ET Grainger, Tenn. 36.3270 –83.4760 2009 none
LRVA ET Lee, Va. 36.7880 –82.7860 2012 none
WMTN ET Campbell, Tenn. 36.4100 –84.1760 2009 none
SSFO OH Scioto, Ohio 38.6953 –83.1972 2017 CT, BINDER
TZTN US Claiborne, Tenn. 36.5439 –83.5490 2010 CT
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the study area. However, it was used as the refer-
ence catalog in this report, for comparison with our 
microseismic monitoring earthquake catalog.
Since 1980, seismicity in the project area is 
characterized by a diffuse distribution of small-
magnitude events outside of the Rome Trough of 
eastern Kentucky. Exceptions to this are the 1980 
Mw 5.0 Sharpsburg, Ky., earthquake (Herrmann 
and others, 1982) to the north of the Rome Trough 
and the 2012 Mw 4.2 Perry County earthquake to 
the south, which is located in the northern part of 
the Eastern Tennessee Seismic Zone (Carpenter 
and others, 2014). Within the Rome Trough of east-
ern Kentucky, only two earthquakes since 1980 are 
reported in the ANSS Comprehensive Catalog.
In addition to the long-term, continuously op-
erating stations listed in Table 2, other short-term 
stations operated during at least part of the opera-
tion of the microseismic monitoring project; they 
are included in Table 3. Real-time recordings from 
these stations were used simultaneously with tele-
metered recordings from the microseismic moni-
toring project to improve the detectability and 
location accuracy of events outside of the Rome 
Trough. One station, S51A, was within the Rome 
Tough, however, and was incorporated into the 
microseismic monitoring network configuration.
Microseismicity Investigation
Temporary Monitoring Network
The principal component of the project is the 
seismic monitoring network (Fig. 4). Instrumenta-
tion for most of the network was purchased by the 
Kentucky Geological Survey, with support from 
the University of Kentucky Department of Earth 
and Environmental Sciences. Cimarex Energy Co. 
contributed six complete stations to the monitoring 
network, and Nanometrics, the manufacturer of the 
instruments used, contributed support for one sta-
tion. Instrumentation in the microseismic monitor-
Table 3. Temporary seismic stations used in real-time monitoring. XO = OIINK EarthScope Flexible Array experiment (Yang and 
others, 2014). N4 = Central and Eastern United States Network (www.usarray.org/ceusn; last accessed 12/14/2018). TA = Earth-
Scope Transportable Array (www.usarray.org/researchers/obs/transportable; last accessed 12/14/2018). On Date = date of in-
stallation or the date when data acquisition at KGS began, whichever is later. Off Date = date of uninstallation; no date indicates 
that the station is still operational. CT = coincidence triggering. BINDER = grid-based phase-arrival detection associator (Earth-
worm’s BINDER module).
Station Network Latitude (°N) Longitude (°E) On Date Off Date Triggering Algorithm
KH50 XO 37.4170 –84.4633 06/15/2015 10/17/2015 CT
KH54 XO 37.4149 –84.1600 06/15/2015 10/17/2015 CT
KI51 XO 37.1857 –84.5075 06/15/2015 10/17/2015 CT
KI53 XO 37.1845 –84.2061 06/15/2015 10/17/2015 CT
KJ50 XO 37.0462 –84.5808 06/15/2015 10/17/2015 CT
KJ52 XO 36.9186 –84.2500 06/15/2015 10/17/2015 CT
KK50 XO 36.8694 –84.8024 06/15/2015 10/17/2015 CT
P51A N4 39.4818 –83.0601 06/15/2015 CT
P53A N4 39.4868 –81.3896 06/15/2015 CT
Q51A N4 39.0260 –83.3456 06/15/2015 CT, BINDER
Q52A N4 38.9622 –82.2669 06/15/2015 CT, BINDER
R49A N4 38.2916 –85.1714 04/12/2016 BINDER
R50A N4 38.2816 –84.3274 06/15/2015 CT, BINDER
R53A N4 38.3307 –81.9522 06/15/2015 CT, BINDER
S51A N4 37.6392 –83.5935 06/15/2015 CT, BINDER
S54A N4 37.7997 –81.3114 06/15/2015 CT, BINDER
T50A N4 37.0204 –84.8384 06/15/2015 CT
U54A N4 36.5209 –81.8204 06/15/2015 CT
P52A TA 39.6337 –82.1325 06/15/2015 CT
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ing network consists of broadband ground-motion 
sensors (corner periods of 40 s or lower and high-
frequency cutoff of 85 Hz or higher) and 24-bit data 
loggers. Fourteen of the stations were equipped 
with cellular modems for data telemetry.
The real-time network layout was designed to 
provide monitoring coverage in the Rome Trough 
of eastern Kentucky in the vicinity of wastewater-
injection wells and the deep exploration wells. Sta-
tion distribution was slightly denser in the eastern 
part of the project area, where the Rogersville Shale 
is most likely to be tested and produced, because 
the wells that target the unconventional Rogers-
ville Shale with high-volume hydraulic-fracture 
stimulations are closer to the crystalline basement 
than the wastewater-injection wells in the Rome 
Trough (Fig. 3), and may be more likely to induce 
earthquakes than the wastewater-disposal wells. 
Station installations began in June 2015, and the fi-
nal real-time station was installed in February 2017 
(Table 4). The station locations were determined to 
satisfy multiple criteria—including the identifica-
tion of consenting landowners—that must be con-
sidered for the successful operation of telemetered, 
autonomous, broadband seismographs (Holcomb, 
2017).
In addition to the 14 stations with real-time 
data telemetry, two additional stations without te-
lemetry were deployed. These stations, EK26A and 
EK36A, were installed near Rogersville test wells 
prior to well completions: EK36A was installed 
three days prior to the multiple-stage frack of the 
Walbridge Holdings LLC well in Lawrence County 
and EK26A was installed south of Louisa prior to 
diagnostic fracture injection testing of the JH Nor-
thup Estate Inc. well. In both cases, the temporary 
station was operational during the hydraulic frac-
turing. Processing of the continuous recordings 
of these stations has not been completed as of the 
preparation of this report, and these stations did 
not contribute to the network triggering used for 
detecting the events presented in this report. Re-
cordings from EK36A were used to analyze an 
earthquake in the Rome Trough, however. Vari-
ous installation styles were used, depending on 
the instrumentation type installed (Table 4), the 
Table 4. Eastern Kentucky Microseismic Monitoring network station locations, configurations, and operational time period.
Station Latitude (°N) Longitude (°E) Instrument
Installation 
Type
Data 
Telemetry
Date of 
Installation
Date of 
Uninstallation
EK12 38.1287 –83.1042 T40/Taurus vault yes 09/30/2015
EK13 38.2301 –82.8286 T40/Taurus vault yes 10/18/2015
EK14 38.2996 –82.7037 TC-PH2/Centaur PVC yes 06/03/2015
EK20 37.7332 –83.8661 T40/Taurus vault yes 11/06/2015
EK21 37.8160 –83.5315 MC-PH1 PVC yes 09/02/2015
EK22 37.9152 –83.2508 MC-PH1 PVC yes 08/25/2015
EK23 37.9213 –82.9004 T40/Taurus vault yes 09/29/2015
EK25 38.1359 –82.8145 TC-PH2/Centaur direct burial yes 06/10/2016
EK26 38.0704 –82.5810 TC-PH2/Centaur PVC yes 06/04/2015
EK26A 38.0682 –82.5662 T40/Taurus direct burial no 10/17/2017 12/05/2017
EK32 37.6198 –83.3024 MC-PH1 PVC yes 09/02/2015
EK33 37.7582 –83.1249 T40/Taurus vault yes 11/04/2015
EK34 37.7056 –82.7496 T40/Taurus vault yes 06/06/2016
EK35 37.8569 –82.7147 TC-PH2/Centaur direct burial yes 06/09/2015
EK36 38.0154 –82.6150 Titan/Taurus vault yes 01/20/2017
EK36A 38.0163 –82.6204 T40/Taurus direct burial no 02/03/2017 03/16/2017
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details of which are presented in Holcomb (2017). 
Acquisition parameters and frequency responses 
to ground motions for the instrumentation deploy-
ment are given in Table 5.
Typically, data from all telemetered stations 
were received at KGS for near-real-time event de-
tection. Occasional cellular-network outages pre-
vented the simultaneous acquisition of all stations’ 
data, however. These communication outages and 
occasional instrumentation problems resulted in 
temporary reductions in the sensitivity of the net-
work for real-time analysis. Figure 7 shows the 
history of telemetry outages through Feb. 21, 2018, 
and the percentage of the operational lifespan (not 
including times when the station was malfunction-
ing) when the streaming data arrived at least five 
minutes late at KGS. As discussed below, data re-
ceived five minutes late or later were not included 
in event triggering.
All stations recorded data locally, and the re-
cordings that were downloaded during site visits 
were archived at KGS as a continuous data set. 
These data could be examined in a future, more 
complete assessment of the seismicity.
Data Acquisition and Analysis
Telemetered waveforms were acquired and 
processed in near real time on a server at KGS us-
ing the Earthworm software package (Johnson and 
others, 1995 [www.isti.com/products/ earthworm; 
last accessed 02/21/2018]) and events were de-
tected by two different processes: coincidence trig-
gering and grid-based arrival-time association. 
Detected events were separated into the categories 
of probable local blasts and local, regional, or tele-
seismic earthquakes, by manual inspection. Phase 
arrivals from local earthquakes were picked and 
events were located using SEISAN analysis soft-
ware (Havskov and Ottemöller, 1999).
Seismic-Event Detection. Seismic events were 
detected using telemetered, streaming data from 
the microseismic monitoring network stations (Ta-
ble 4) and other nearby stations listed in Tables 2 
and 3. Transient signals at individual stations 
were detected using short-term-average to long-
term-average ratios (STA/LTA) of the streaming, 
bandpass-filtered waveforms (Withers and oth-
ers, 1998). Events were detected using two meth-
ods that are implemented in Earthworm software 
modules. The first, which was initiated with the 
deployment of the first monitoring-network sta-
tion, uses coincidence triggering of station detec-
tions; the second uses a gridded-earth model to 
associate station detections. Both methods detect 
seismic events—earthquakes and blasts—at local 
to global scales.
All events detected were registered into a 
SEISAN database, manually inspected, and cat-
egorized. Seismic events, or events detected from 
seismic-wave arrivals, and not just recordings of 
correlated local noise, were categorized as either lo-
cal, regional, or teleseismic based on their proxim-
ity to the closest monitoring-network station: Local 
events were within 250 km, regional events were 
from 250 to 2,000 km away, and teleseismic events 
were at distances greater than 2,000 km. The local 
events were further categorized as either earth-
quakes or probable mine or quarry blasts, based on 
waveform characteristics (Holcomb, 2017).
Coincidence Triggering. A coincidence trigger oc-
curs when multiple STA/LTA station detections 
Table 5. Eastern Kentucky Microseismic Monitoring Project instrument (originally installed; see Table 4) and acquisition pa-
rameters. See Table 4 for original instrumentation. Response type is the type of ground motion to which the instrument 
responds (m/s for ground velocity; m/s2 for ground acceleration).Corner period and fmax define the long-period and high-
frequency boundaries for the seismometers’ constant responses to input ground motion, respectively. Sensitivity is the system 
response to input ground motion, in counts per corresponding ground-motion units.
Instrument
Data Logger 
Samples per 
Second
Response Type Corner Period (s) fmax (Hz) Sensitivity
T40/Taurus 100 m/s 40.2 85.5 1.55300 × 109 C s/m
TC-PH2/Centaur 200 m/s 120.2 108 3.01720 × 108 C s/m
MC-PH1 200 m/s 120.2 108 3.00000 × 108 C s/m
Titan/Taurus 200 m/s2 N/A 430 3.26399 × 106 C s2/m
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Figure 7. Data telemetry latency from June 2015 through January 2018. Blue vertical lines mark instances when streaming data 
were not received at KGS within five minutes of production. Inset labels are station name and the percentage of the station’s 
operational time when data were not received, or arrived with latency of five minutes or more.
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are observed within a specified time window. For 
this project, Earthworm’s CARLSTATRIG calculat-
ed the station detections and the  CARLSUBTRIG 
module was used for coincidence-triggering event 
detection. Prior to calculating station detections 
with CARLSTATRIG, broadband waveforms 
were filtered with a passband of 1 to 20 Hz; wave-
forms from short-period stations were not fil-
tered. For event detection, or network triggering, 
 CARLSUBTRIG was configured to use different 
subsets of the monitoring network and existing 
seismic stations to form subnetworks. Figure 8 is 
an example of one of the subnetwork configura-
tions used during network operation. In the con-
figuration shown, CARLSUBTRIG used three sub-
networks, any one of which could detect an event.
Earthworm was configured to declare an 
event when detections from five stations in the 
largest subnetwork (yellow-highlighted stations in 
Figure 8) were recorded within a time window of 
35 s, depending on the station; the other two sub-
networks shown required four stations to trigger 
within the same time window. The 35-s time win-
dow corresponds to the traveltime of a shear wave 
from a surface-focus seismic event at a distance 
of approximately 123 km, which is the maximum 
separation between monitoring network stations 
(the distance between EK20 and EK14). The sub-
network configuration was modified as nearby sta-
tions were uninstalled (e.g., temporary EarthScope 
stations) or new network stations were installed.
Using multiple subnetworks reduces the 
chances of an earthquake not being detected be-
cause of station or telemetry outages, or because of 
high transient-noise levels. To further mitigate re-
duced detection sensitivity from temporary telem-
etry outages, coincidence-triggering processing 
was delayed by five minutes to allow late-arriving 
station triggers to be a part of the network trigger-
ing.
Grid-Based Station-Detection Association:  BINDER. 
STA/LTA station triggers were also analyzed by 
Earthworm’s grid-associator, BINDER. BINDER 
attempts to identify sets of station triggers that are 
consistent with the theoretical traveltimes of P- 
and S-wave arrivals for local seismic events. Theo-
retical traveltimes were calculated using an earth 
model appropriate for the region—the HAMBURG 
model (Herrmann and Ammon, 1997) was used for 
this project—and a grid of candidate source loca-
tions, with 4.0-km spacing between nodes. When 
the trigger times from at least four stations are 
consistent within approximately 2.0 s on average 
of the predicted traveltimes from a particular grid 
node (calculated as the root-mean-square residu-
al), BINDER declares an event. Prior to calculating 
station triggers for event detection with BINDER, 
broadband waveforms were filtered with a pass-
band of 4 to 20 Hz, which is necessary to extract 
signal through lower- and higher-frequency noise.
Seismic-Event Analysis. For all local earthquakes, 
first-arrival body waves were manually picked; P-
wave arrivals were picked on vertical-component 
recordings and S-wave arrivals on transverse, hori-
zontal components. Events were located using the 
Gauss-Newton algorithm HYPOCENTER (Lienert 
and Havskov, 1995) in SEISAN, which is discussed 
more fully in Holcomb (2017). The location inver-
sion was configured to account for arrival weights 
based on analyst-estimated arrival-time measure-
ment uncertainties and event-station offsets, and a 
regional velocity model was used to calculate the 
predicted first-arrival traveltimes and the partial-
derivative matrix. Table 6 shows the weighting 
scheme that was used to down-weight phase arriv-
al picks based on their arrival-time uncertainties. 
The distance weighting scheme used further de-
creased arrival weights from full weight from 1.0 at 
0 km offset to zero weight at 250 km offset. Figure 9 
shows the velocity structure(s) used in this study: 
the HAMBURG model and the model developed 
by Chapman and others (1997) for the Eastern Ten-
nessee Seismic Zone. Both models were tested for 
each event location, and the model producing the 
lowest root-mean-square arrival-time residuals 
was used to determine the final hypocenter.
The appropriateness of the velocity models 
used in this study area is demonstrated in Fig-
ures 10 and 11. Figure 10 shows the traveltime 
residuals (observed minus predicted traveltime) 
from all earthquakes within the project area. The 
residuals reflect the accuracy of the manually de-
termined arrival-time picks and the accuracy of 
the velocity model used. The scatter of the residu-
als increases with distance, which is expected be-
cause of reduced signal quality with distance as a 
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Figure 8. One of three subnetwork configurations used for coincidence triggering to detect seismic events. The subnetworks, or 
groups of stations that can be triggered within a defined time window, used in the configuration shown are highlighted in blue, 
pink, or yellow. Other symbols are as in Figure 4.
result of attenuation effects along the travel path. 
This results in increased uncertainties, or errors, in 
the arrival-time picks with distance. The lack of a 
systematic offset or trend in the residuals with dis-
tance, indicated by the best-fitting line through the 
residuals, shows that the velocity structures used 
for the locations are appropriate. The location of a 
known cooling-tower collapse and its location de-
termined using the P-waves recorded by monitor-
ing network stations (the closest station was 12 km 
away) using the HAMBURG velocity model are 
compared in Figure 11. The calculated location, less 
than 300 m to the north, is very close to the tower, 
which further supports the appropriateness of this 
velocity model for the project area.
Magnitudes were calculated for all located 
events using both an amplitude-based scale (ML) 
and a signal-duration-based scale (Mc). Duration 
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magnitude is determined from the coda length, 
or length of time from the arrival of the P-wave to 
when the signal amplitudes decay to background-
noise levels. Duration magnitudes are routinely re-
ported by regional networks in the eastern United 
States and are the standard magnitude type for 
low-magnitude events. Therefore, the MC scale was 
used for events located in this study when possible.
Duration magnitudes were estimated using 
the relationship of Chapman and others (2002):
 MC = –3.45 + 2.85 log10(D) (1)
where D is the coda length in seconds. The median 
of the individual station values is reported for the 
event.
The local magnitude scale (ML) is determined 
from amplitude measurements, and is analogous 
to the Richter magnitude scale developed for Cali-
fornia (Richter, 1935). ML is calculated from the 
manually measured, maximum zero-to-peak am-
plitudes on all horizontal-component waveforms 
with discernable S-wave or Lg-wave arrivals. Prior 
to measuring amplitudes, we corrected the wave-
forms for the effects of the corresponding record-
ing instruments (Table 5), integrated to displace-
ment, and then bandpass-filtered, following the 
procedure of Alsaker and others (1991), to simulate 
the recordings of a Wood-Anderson seismometer, 
which was used by Richter (1935). The coefficients, 
which account for the S-wave and Lg-wave attenu-
ation in the region, were calibrated by an inversion 
algorithm in SEISAN so that an ML 3.0 earthquake 
produces a displacement of 1 mm at 100 km 
offset, consistent with Richter’s scale. Sta-
tion-correction terms were also derived as 
part of the procedure, which accounts for 
any systematic biases from site effects or 
unmodeled instrument responses.
The local magnitude scale is less sus-
ceptible to changes in local site noise—for 
example, from ostensible seasonal varia-
tions and from diurnal variations from 
manmade sources—and therefore should 
provide a more consistent measurement of 
magnitude than the duration-magnitude 
scale. Furthermore, preliminary findings 
in Holcomb (2017) suggest that local mag-
nitudes from the monitoring network are 
more consistent with the energy-based 
moment-magnitude scale than duration 
magnitudes. Thus, an ML relationship was 
derived for the microseismic monitoring 
network, and is given in the Results sec-
tion.
Detection-Threshold Modeling
Site noise, which commonly arises 
from cultural sources, is a frequency-de-
pendent limiting factor of station sensitivi-
ties to weak events. To assess site noise lev-
Table 6. Arrival-time-pick uncertainties (code assigned 
by analyst while picking arrival times) and corresponding 
weights (assigned by HYPOCENTER for the arrival-time in-
version) for event-location calculations.
Code Uncertainty (s) Weight
0 < 0.075 1
1 < 0.15 0.75
2 < 0.225 0.5
3 <  0.3 0.25
4 > 0.3 0
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Figure 9. Velocity models used to determine earthquake locations. Vp is 
P-wave velocity; Vs is S-wave velocity. H and C subscripts correspond 
to the modified HAMBURG (Herrmann and Ammon, 1997) and Chap-
man and others (1997) velocity models, respectively. The  HAMBURG 
model was modified to remove low-velocity zones for use with the 
 HYPOCENTER program.
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Figure 10. P- and S-wave traveltime residuals versus hypocentral distance for all 
events in the project area. The equation of the best-fitting line through these resid-
uals is shown. Although the magnitude of the residuals increases with distance, the 
fact that the average residual is zero to two significant digits regardless of distance 
indicates that the velocity models used are appropriate and do not systematically 
bias the traveltime predictions.
els, Holcomb (2017) developed probabilistic noise 
models for one month of the microseismic moni-
toring network’s and regional stations’ recordings 
during evening and daytime hours using the PQLX 
software package and methodology described in 
McNamara and Boaz (2011). Figure 12 shows ex-
ample noise models for two stations. For this proj-
ect, the median noise models were used to model 
the event-detection threshold, or the minimum-
magnitude earthquake detectable in the project 
area. These detection-threshold maps estimate the 
sensitivity of the seismic network and are valuable 
in regions such as the project area, where seismici-
ty rates are low and recurrence relationships based 
on observations (e.g., Gutenberg-Richter curves) 
have large uncertainties.
Holcomb (2017) used the median noise mod-
els at each station and theoretical earthquake am-
plitude spectra, A(f) (equation 2), to model the 
minimum-magnitude earthquake detectable by 
the stations used for event triggering (Fig. 8, Ta-
bles 2–3):
 A(f) = S(f) × D(f) × G(R) (2)
Theoretical amplitude spec-
tra are the product of earthquake 
source spectra, S(f), a diminution 
function, D(f), which accounts for 
intrinsic energy loss, and a geo-
metrical spreading function G(R). 
The source spectra were simulated 
using the Boatwright (1980) source 
model, and parameter values used 
in the D(f) and G(R) attenuation 
expressions were determined for 
eastern North America by Atkinson 
and Boore (2014) and Herrmann 
(1983), respectively.
Amplitude spectra were cal-
culated at 5-km intervals across the 
local area in a regular grid and at 
depths of 4.0 km, corresponding to 
the approximate basement depth 
beneath the Rogersville Shale, and 
for moment magnitudes ranging 
from 0.2 to 1.8, in increments of 
0.1 magnitude units. A station de-
tection occurred when the ratio of 
the theoretical spectrum to the corresponding sta-
tion’s noise spectrum, or the pseudo-theoretical 
signal-to-noise ratio, exceeded 3.5, corresponding 
to the signal-to-noise threshold ratio used for event 
detection. The smallest magnitude at which at least 
four pseudo-theoretical station detections occurred 
at a given node was then the minimum detectable 
event for that node. This process was conducted 
for both daytime and nighttime noise models to 
produce detection-threshold maps for the project 
area for typical noisy (daytime) and quiet (night-
time) conditions, assuming all stations and net-
work communications were functional.
Results and Discussion
As of the time this report was being written, 
the microseismic monitoring network continues to 
operate and analysis of its recordings is ongoing. 
The following results and discussion are based on 
the analysis of the network recordings completed 
at that time.
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Figure 11. Ground-truth evaluation of the location accuracy using seismic waves induced by a cooling-tower demolition in the 
project area (12 km from the closest station). The cooling tower’s location is shown by satellite imagery taken prior to the de-
molition and the location determined using P-waves recorded by the microseismic monitoring network stations is shown in red, 
approximately 300 m to the north-northwest. Satellite image 2018 Google.
Monitoring-Network Data  
Set and Telemetry Latency
The monitoring network has generated a large 
waveform data set, which is the primary compo-
nent used for this project. Successful operation of 
the network and acquired recordings have allowed 
background seismicity to be cataloged for the proj-
ect area, including a calibrated magnitude scale, 
discussed below. Figures 13 and 14 are example 
recordings. Figure 13 shows typical seismograms 
from an earthquake within the project area. This 
particular example is from an ML 1.4 earthquake 
within the Rome Trough of eastern Kentucky. The 
earthquake produced high-quality recordings on 
the monitoring network and several regional sta-
tions, but was undetected by routine, regional 
monitoring event-detection algorithms. Figure 14 
shows four days of waveforms and spectrograms 
from the two stations operating nearest to and 
during the hydraulic fracturing of the Walbridge 
Holdings LLC well, which was completed in the 
Rogersville Shale. Ten stages of the completion, 
which produced ground motions (either from sub-
surface or surface activity) that are clearly evident 
in these recordings, are shown.
The number of hour-long, continuous data 
files recorded by the monitoring network and the 
total volume of the data at the time this report was 
prepared are given in Table 7. The recordings are 
in miniSEED format and stored on servers at KGS. 
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Figure 12. Noise models developed for a broadband station (EK13; top row) and a short-period station (PKKY; bottom row) for 
daytime hours (left column) and nighttime hours (right column), colored by probability; median values are black, dashed curves. 
Black curves are global average high (generally above the station median noise level) and low (generally below) noise levels. 
Red lines bound the frequency band of local earthquake detection.
Table 7 also includes an estimate of the real-time 
data completeness (Fig. 7) in terms of the percent-
age of the operational lifespan of a monitoring net-
work station that the streaming recordings were 
not available for event triggering. This is a mini-
mum estimate, and does not account for stations or 
telemetry links that were down for more than five 
days. The percentage of time since installation that 
the major components of the station (seismometer 
and data logger) operated properly is also shown 
in Table 7. Both of these factors affect the perfor-
mance of the monitoring network by temporarily 
decreasing its sensitivity.
Magnitude Scales and Attenuation
Two scales were used to determine the mag-
nitudes of the earthquakes listed in Table 8: coda 
(equation 1), MC, and local, ML. Using the SEISAN 
inversion scheme previously discussed, a calibrat-
ed ML scale was developed for the monitoring net-
work:
 ML = log10(A) + 1.1198 log10(r) + 0.00025r – 1.9467 + s (3)
where A is the displacement amplitude (zero-to-
peak) in nanometers, measured on a Wood-An-
derson simulated seismogram, r is the hypocentral 
distance in kilometers, and s is the station-specific 
correction term. The final result, event ML, is the 
median value of the horizontal-component mag-
nitudes determined with equation 3. The terms in 
equation 3 that account for regional attenuation 
from geometric spreading and heat loss, and a stat-
ic correction, are:
 –log10(A) = 1.1198 log10(r) + 0.00025 r – 1.9467. (4)
This expression, known as the attenuation 
correction, can be compared with other attenuation 
correction functions derived for the region shown 
in Figure 15. The similarity between equation 4 and 
the attenuation-correction functions determined 
for other stable continental regions—K98 (eastern 
North America) and Nor (Norway)—shows that 
equation 4 and therefore the ML scale in equation 3 
are reasonable.
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Figure 13. Microseismic network and regional network seismograms from an ML 1.4 earthquake within the Rome Trough of east-
ern Kentucky recorded at distances from 15 to 73 km from the hypocenter. The onsets of identifiable P- and S-phase arrivals are 
indicated with blue and red vertical lines, respectively. 
Preliminary findings in Holcomb (2017) that 
suggested that local magnitudes in the monitoring 
network are more consistent with the energy-based 
moment-magnitude scale than duration magni-
tudes, which show a bias toward larger values, mo-
tivated development of an ML scale for the project 
area. A comparison between local and coda mag-
nitudes in the monitoring-network catalog shown 
in Figure 16 demonstrates that Mc is systematically 
larger than ML, which was also observed from coda 
magnitudes in the Advanced National Seismic 
System Comprehensive Earthquake Catalog. The 
monitoring network and ANSS Comprehensive 
Catalog coda magnitudes were evaluated using 
Gutenberg-Richter magnitude-frequency curves 
(discussed in the following section), which re-
vealed anomalous relationships between the coda 
magnitudes and the annual frequencies of occur-
rences. In contrast, the local magnitudes subjected 
to the same analysis were consistent with global 
observations. For these reasons, ML is the preferred 
magnitude for our monitoring-network catalog.
ML residuals, calculated as the event ML mi-
nus the single-observation ML, are plotted versus 
hypocentral distance in Figure 17. The scatter was 
expected, largely because of intra-event differences 
from earthquake radiation patterns, but the long 
wavelength oscillations, uncorrected by this linear 
scale, indicate that the actual attenuation is more 
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Figure 14. Four days of continuous waveforms, labeled by station name, and the corresponding spectrograms (the 
distribution of amplitudes across frequencies from 0 to 50 Hz versus time) during 10 stages of the hydraulic fracture 
stimulation of the Walbridge Holdings LLC test well, labeled S1 through S10. Plots use relative scaling; warmer colors 
show larger amplitudes. EK36 and EK36A were 210 m and 640 m, respectively, from the wellhead.
complicated than a simple linear model. Because 
the median of the station magnitudes is reported as 
the event magnitude, however, systematic biases 
in the local magnitudes are not expected.
The complexity of the regional shear-wave 
attenuation has been noted in other studies in 
the eastern United States (e.g., Burger and others, 
1987). In particular, an increase in the amplitudes 
of shear waves creates a larger ground motion at 
the surface at distances consistent with the increas-
ing residuals, from approximately 80 to approxi-
mately 200 km, shown in Figure 17. This increase 
has been attributed to the post-critical shear-wave 
reflections off the Moho, and the observations of 
this phenomenon in eastern Kentucky indicate 
that ground-motion attenuation models should ac-
count for this effect for seismic-hazard assessment.
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Table 7. Eastern Kentucky Microseismic Monitoring Project data set, station operational periods, and telemetry latencies as 
of 06/05/2018. N = number of hour-long miniSEED data files recorded (dependent on the most recent on-site data download, 
and will not be the final number of files for the project). Size = total size of the data volume for this station (dependent on the 
most recent on-site data download, and will not be the final amount of data for the project). Lifespan = the number of days the 
station operated through 06/06/2018. Operational percentage = the percentage of the lifespan during which the station’s data 
logger and seismometer functioned properly through 06/06/2018. Latency = the estimated percentage of a station’s lifespan 
that data streams were not available, or latent for greater than five minutes through 06/06/2018 (a dash indicates a nontele-
metered station).
Station N Size (GB) Lifespan (days) Operational Percentage Latency (%)
EK12 53,655 31.3 949 95.9 0.83
EK13 64,004 29.8 960 88.9 0.88
EK14 74,643 66.8 1,098 99.2 0.33
EK20 56,259 29.0 942 98.4 1.29
EK21 62,354 99.5 1,007 91.8 1.06
EK22 64,089 101.2 1,015 99.7 1.33
EK23 63,351 45.8 950 99.7 9.2
EK25 73,449 65.9 1,091 99.0 10.17
EK26 73,887 70.4 1,097 100.0 0.80
EK26A 3,522 4.2 48 100.0 –
EK32 65,421 104.2 1,007 97.4 4.85
EK33 62,679 32.8 944 100.0 1.98
EK34 47,154 29.1 729 98.1 0.72
EK35 73,398 65.9 1,092 99.8 3.87
EK36 30,975 35.9 501 100.0 0.93
EK36A 2,934 3.3 39 100.0 –
Seismicity
The monitoring network and contributing 
regional stations detected 47,237 events by coin-
cidence triggering from June 11, 2015, through 
May 31, 2018. A total of 28,793, or 61 percent, of 
the triggers were identified as seismic events; the 
remainder were triggered by noise sources (e.g., 
local cultural noise or thunderstorms). A total of 
25,771 triggers from local mine blasts were record-
ed, which constitute almost 90 percent of the seis-
mic events. Of the remaining triggers, 1,679 were 
from teleseismic earthquakes and 1,191 were from 
regional events. Less than 1 percent of the seis-
mic events (151) were from local earthquakes. The 
BINDER method, which was initiated on April 12, 
2016, detected more than 6,700 events through 
May 31, 2018; 79 local earthquakes were located by 
this method.
The seismicity illustrated in Figure 18 (Ta-
ble 8) includes the 38 local earthquakes detected by 
either real-time method, and located in the project 
area. There are fewer earthquakes (13) in the Ad-
vanced National Seismic System event catalog in 
the same region (Fig. 18), for the same period. The 
earthquake locations in the ANSS catalog are gen-
erally similar to the corresponding event locations 
determined for this study. It is notable, however, 
that none of the six earthquakes detected by our 
microseismic monitoring network stations within 
the Rome Trough of eastern Kentucky were in-
cluded in the ANSS Comprehensive Earthquake 
Catalog.
The earthquake focal depths were consistent 
with seismicity in the local area (Carpenter and 
others, 2014), with most earthquakes occurring 
at depths shallower than 25 km below sea level 
(Fig. 19). Numerous shallow-focal-depth earth-
quakes were recorded, occurring primarily in 
southeastern Ohio, near the border with West Vir-
ginia. Furthermore, the spatial distribution of the 
seismicity observed by the monitoring network is 
consistent with the long-term seismicity catalog for 
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the region (compare Figures 4 and 18). Earthquakes occur mostly 
outside of the Rome Trough and are distributed throughout the 
region, with no obvious lineations. The existence of such linea-
tions, which was proposed by Chapman and others (1997) in the 
Eastern Tennessee Seismic Zone south of the project area and 
which might delineate long, seismically active faults, is not nec-
essarily precluded by these observations; a seismicity catalog that 
spans a longer time is required to investigate their existence.
There is a contrast in seismic activity between the Rome 
Trough of eastern Kentucky and its surroundings. Even though 
the monitoring network focused on the Rome Trough, only six 
earthquakes, or 16 percent of the 38 events observed in the proj-
ect area, occurred within the trough’s bounding faults. This con-
trast suggests a difference in the seismogenic potential of the 
Rome Trough compared to the surrounding regions; additional 
research is required to constrain the cause of the difference. Of 
these six earthquakes within the Rome Trough of eastern Ken-
tucky, the epicenter of only one was within 5 km of a wastewa-
ter-injection well. That ML 0.4 earthquake occurred on Feb. 20, 
2017, and its epicenter is 2.0 km from injection well EPA ID 
KYS1270202. No injection volumes have been reported since 2007 
for this well ( Table 1), and the earthquake focal depth, which is 
well constrained by nearby P- and S-wave arrivals (Fig. 20), of 
10.4 ±1.7 km is much deeper than the injection interval, indicating 
that this event was not induced.
Gutenberg-Richter diagrams of subsets of the seismicity 
in Table 8 and of the events located by the monitoring network 
(within 250 km of the network) are shown in Figure 21. The cu-
mulative number of events per year above a given magnitude 
versus magnitude is plotted on Gutenberg-Richter curves, the 
linear parts of which are useful to determine recurrence rates. 
Globally, where seismicity is caused by tectonic stress release 
through brittle failure on existing faults, the magnitude of the 
slope of the linear part, the b-value, is approximately 1.0 (Stein 
and Wysession, 2009). Assuming seismicity is a self-similar, or 
fractal, process, the minimum magnitude of the linear part of the 
Gutenberg-Richter curve is considered to represent the low-mag-
nitude limit of a catalog’s completeness, or the magnitude above 
which all earthquakes in the region have been detected.
Only events recorded since the complete monitoring net-
work was in operation (32 events; first event occurred in June 
2016) were used to generate the Gutenberg-Richter curves shown 
in Figure 21. The b-values for the project area and within 250 km 
of the project area are 1.0 and 1.1, respectively, and are similar 
to those observed globally. This suggests that tectonic strain is 
released through earthquake activity in the vicinity of the project 
area in a self-scaling process, as is the typical case globally. The 
curves shown in Figure 21 were also used to estimate the mag-
nitude of completeness of the catalog since June 2016, using the 
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maximum-curvature method (Wiemer and Wyss, 
2000): ML 1.4 in the project area and ML 1.9 with-
in 250 km of the network. There are not enough 
0 100 200 300 400 500
r (km)
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1
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g 1
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Figure 15. Attenuation correction function derived for the Eastern Kentucky 
Microseismic Monitoring Project (EKY; equation 4) and those derived in other 
studies: Eastern Tennessee (ETSZ; Bockholt and others, 2015), just south 
of the project area, the eastern U.S. (K98; Kim, 1998), Norway (Nor; Alsa-
ker and others, 1991), another stable-continental region, and for California 
(HB87; Hutton and Boore, 1987).
Figure 16. Comparison of ML with MC magni-
tudes from the Eastern Kentucky Microseismic 
Monitoring Project (red) and ML from the micro-
seismic project with magnitudes from the Ad-
vanced National Seismic System Comprehen-
sive Earthquake Catalog (black; Moth), which 
are predominantly calculated using a duration-
magnitude scale. Dots indicate all events within 
250 km of the microseismic network; circles are 
for events within the project area.
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events in the catalog to perform separate and ro-
bust Gutenberg-Richter analyses for nighttime and 
daytime hours.
Regions of variable seismic activ-
ity are included in the project area—the 
active Eastern Tennessee Seismic Zone 
to the south of the Rome Trough of 
eastern Kentucky, the active region to 
the north of the Rome Trough, and the 
relatively inactive Rome Trough itself—
and thus events from regions with dif-
ferent seismicity rates (ordinates of the 
Gutenberg-Richter plots) were included 
in the monitoring-project event catalog. 
There are too few events in the proj-
ect area to analyze these regions with 
separate Gutenberg-Richter plots, how-
ever, and therefore the curves reveal an 
area-weighted average of the b-values, 
seismicity rates, and catalog complete-
ness estimations across these regions. 
The other important factors that affect 
the catalog completeness estimate are 
differences in network sensitivity due 
to variations in the site-noise levels be-
tween day- and nighttime hours and oc-
casional station and telemetry outages. 
Although the monitoring network was 
capable of recording very low-magni-
tude earthquakes in the project area, as 
described in the next section, the actual 
network sensitivity is not reflected by 
the monitoring project catalog magni-
tude of completeness.
Detection-Threshold Maps
Figure 22 shows the minimum-
magnitude detection maps that were 
produced using the pseudo-theoretical 
approach described in the Methods 
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Figure 17. ML residuals calculated as the event ML minus the station ML (using 
equation 3) versus hypocentral distance.
section. The maps represent the sensitivity of the 
fully operational monitoring network seismo-
graphic and contributing regional network sta-
tions, and do not account for telemetry or station 
outages. These maps indicate that minimum de-
tectable magnitudes in the Rome Trough of eastern 
Kentucky in the vicinity of wastewater-disposal 
wells or deep oil and gas test wells range from 
Mw 0.5 in the southeast to Mw 0.7 for nighttime 
hours and from Mw 0.7 to 1.0 during daytime hours. 
Comparing the daytime ranges with those in the 
corresponding regions prior to the monitoring net-
work’s deployment (Fig. 6) demonstrates that the 
network improved the detection threshold for the 
region substantially: The previous minimum-mag-
nitude ranges were Mw 1.5 to 1.9 and Mw 1.5 to 1.6, 
excluding and including the Central and Eastern 
United States Network stations, respectively.
Summary
The Rogersville Shale is a deep formation in 
the Rome Trough of eastern Kentucky that is be-
ing tested for oil and gas production. Because of 
the shale’s low permeability, production requires 
unconventional methodologies—in particular, 
high-volume and high-pressure hydraulic fractur-
ing. Because of the formation’s proximity to the 
crystalline basement and its location within the 
faulted Rome Trough, however, there is a potential 
for inducing earthquakes when stimulating this 
shale. Also, the injection of produced wastewater 
for disposal, the chief culprit of inducing larger-
magnitude (up to magnitude 5.8) 
earthquakes in places such as Okla-
homa, Arkansas, and Ohio contin-
ues in the Rome Tough of eastern 
Kentucky.
To facilitate discrimination 
between potential induced earth-
quakes and natural seismicity, a 
network of sensitive seismic moni-
toring stations was installed in the 
Rome Trough of eastern Kentucky. 
This network improved the moni-
toring sensitivity in the vicinity 
of wastewater-injection wells and 
deep oil and gas wells testing the 
Rogersville Shale by approximate-
ly an entire unit of magnitude: 
With the Eastern Kentucky Microseismic Monitor-
ing network, the detectable magnitudes range from 
0.7 to 1.0 and without the network, the detectable 
magnitudes range from 1.5 to 1.9.
Using real-time recordings from this network 
in tandem with recordings of other temporary and 
permanent regional seismic stations, a catalog of 
local seismicity was developed. At the time this 
report was prepared, 151 earthquakes had been 
detected and located using the microseismic moni-
toring network’s recordings, 38 of which were in 
the project area. Only six earthquakes occurred in 
the Rome Trough of eastern Kentucky, and none 
appear to be associated with the deep Rogersville 
Shale test wells that were completed during the 
time the network has been in operation, or in as-
sociation with wastewater-injection wells. Fur-
thermore, none of these six events were included 
in catalogs produced by other regional monitoring 
agencies.
As part of developing the seismicity catalog, 
a calibrated local-magnitude scale was developed 
for the monitoring project area. Using this scale 
and the event catalog from the period after all 
microseismic monitoring network stations were 
operating, the magnitude of completeness is esti-
mated to be magnitude 1.4 in the project area. In 
other words, all events of magnitude 1.4 or greater 
within the project area are expected to have been 
detected by network stations used for this proj-
ect. Modeling the detection threshold within the 
project area indicates that the theoretical detec-
Summary
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Figure 18. Seismicity located by the Eastern Kentucky Microseismic Monitoring Project (yellow) and in the Advanced National 
Seismic System Comprehensive Earthquake Catalog (red) for the same period.
tion threshold (minimum detectable magnitude) is 
as low as magnitude 0.5 in the project area, how-
ever. The discrepancy between the observed and 
modeled catalog completeness estimates is likely 
primarily of tectonic origin. Differences between 
daytime (greater noise levels) and nighttime (more 
seismically quiet) network sensitivity and occa-
sional telemetry or station outages could have re-
sulted in inconsistent detection of small events of 
magnitude approaching the detection threshold.
Summary
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Figure 19. Depth distribution of earthquakes in the project area 
(red) and of all events recorded within 250 km of the Eastern 
Kentucky Microseismic Monitoring network (blue). Depths are 
with respect to sea level.
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Figure 20. Focal depth versus root-mean-square traveltime 
misfit for the 02/20/2017 ML 0.4 earthquake within 5 km of 
wastewater-injection well EPA ID KYS1270202. The best-fit-
ting focal depth is indicated by the star; the formal error (uncer-
tainty) in this depth determination is also shown by the vertical 
error bars.
Data and Resources
Eastern Kentucky Microseismic Monitor-
ing Project recordings and metadata are available 
upon request; contact Seth Carpenter. Kentucky 
Seismic and Strong-Motion Network, operated 
jointly by the Kentucky Geological Survey and 
the University of Kentucky Department of Earth 
and Environmental Sciences, recordings are con-
tinuously archived at Incorporated Research In-
stitutions for Seismology’s Data Management 
Center (ds.iris.edu/ds/nodes/dmc; last accessed 
02/21/2018) and at the Kentucky Geological Sur-
vey (doi:10.7914/SN/KY).
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